Abstract-Radio propagation characteristics in curved tunnels are important for designing reliable communications in subway systems. In this paper, shadow fading is characterized, and cross-correlation property of shadow fading for different frequency bands is investigated based on empirical measurements. The measurements were conducted in two types of curved subway tunnels with 300 m and 500 m radii of curvatures at 980 MHz, 2400 MHz, and 5705 MHz, respectively. The impact of antenna polarization and propagation environment on shadow fading correlation at the receiver is evaluated. It is found that shadow fading with horizontal polarized antenna exhibits less correlation than with vertical polarized antenna. Strong independence of shadowing correlation and tunnel type is observed. Furthermore, a heuristic explanation of the particular shadowing correlation property in subway tunnel is presented.
I. INTRODUCTION
Intelligent transportation system (ITS) integrates information and communication technology exploiting the existing technologies/infrastructures, such as computers, communication networks, sensors, positioning systems, and automation technologies for collecting relevant data [1] . The subway system is an indispensable part of the ITS. Various kinds of wireless communication technologies proposed for metropolitan subway system play a significant role to ensure personnel safety, enhance operational efficiency and process optimization. More importantly, reliable communication technologies in subways that incorporate safety and navigational/infotainment features as well as positive environmental impact are regarded as basic requirements for the sustainable wealth and prosperity of modern societies.
There are many investigations of propagation channels in tunnel scenarios [2] [3] [4] [5] [6] . The propagation characteristics in circular tunnels at 450 MHz and 900 MHz, arched railway and road tunnels at 400 MHz, subway tunnels at 2.4 GHz, as well as 5.8 GHz are studied, respectively. Authors in [7] investigate the propagation of electromagnetic waves through various media, and the channel model for underground mines, roads, and subway tunnels are proposed. It is demonstrated in [8] that tunnels with rectangular and circular cross sections can be explained via modal effects. However, radio propagation in curved subway tunnels, whose cross-section size is much smaller than road, mine, or railway tunnels, have been rarely addressed in previous literatures.
A clear comprehension of the large-scale fading that characterizes the radio signal attenuation over long transmission distance is crucial in future wireless network planning. In other words, link budget in reality is a very important piece of network planning, and it requires a characterization of shadow fading. Shadow fading describes the loss caused by obstacles along the propagation path. It is widely accepted that the shadow fading follows a log-normal distribution. Shadow fading has been widely investigated in railway and vehicular networks [9] [10] [11] . Since shadow fading is determined by surrounding buildings, which are usually similar to adjacent links, the shadow fading components from different communication links are mostly correlated. Study of the correlation property of shadow fading plays a key role in designing handover algorithms, evaluating performances of macro-diversity schemes, and significantly affects interference power which consequently perturbs the system performance [12] . Most of the current channel models assume that different channels from one mobile station (MS) to several base stations (BSs) are independent. In the wireless world initiative new radio (WINNER) models as well as in spatial channel models (SCM), shadow fading cross-correlation is characterized by a correlation coefficient of 0.5 [13] . However, little attention has been paid to cross-correlation property from different links operating at different frequency bands in previous research. In [14] , correlation between shadowing in the GSM-900 and the GSM-1800 band is investigated. The authors in [15] analyze the correlation of shadow fading in a suburban environment at different frequency bands. To the best of the authors' knowledge, no other paper has addressed the multi-frequency shadow fading correlation, especially in the curved subway tunnel.
In this paper, we investigate the shadow fading crosscorrelation property for different frequency bands and the impact of environmental system parameters in curved tunnels of subways. The results would be useful in the communication system design: if shadow fading is found to be uncorrelated among different frequency bands in tunnel scenario, one might use frequency diversity to maintain a reliable communication link between the transmitter and the receiver in emergency cases; it is of interest to determine whether propagation channels in different frequency bands are correlated or not, which helps to develop a channel simulator.
The remainder of the paper is organized as follows. Section II describes measurement campaign in subway tunnels in Spain. In section III, shadow fading distribution as well as the correlation coefficient is discussed. Section IV depicts the experimental investigation results in some tables and corresponding heuristic explanations are presented. Conclusions are drawn in section V.
II. MEASUREMENT SUMMARY
The narrowband measurements were taken along arched curved tunnels in the subway of Madrid, Spain. There are two types of arched tunnels in the modern subway systems, named Arched "Type I" and Arched "Type II" as mentioned with more details in [16] [17] . Arched "Type I" tunnel is composed of three plane walls and an arched roof with dimensions 7.59 × 5.52 m. Arched "Type II" tunnel includes arched walls and a plane floor roof with dimensions 8.41 × 6.87 m, which is more similar to a semicircular shape than "Type I". The tunnel shape and measurement scenario are outlined in Fig. 1 . In total, over 4 km of measurements were taken, with one measurement activated at least every 0.5 m. Along the routes, the links between BSs and MS experienced line-of-sight (LOS) and non lineof-sight (NLOS) conditions. Measurement data were collected at popular frequency bands in public communication systems or signaling and train control systems deployed in subway systems, i.e., 980 MHz, 2400 MHz, and 5705 MHz. The sampling intervals were shorter than one wavelength. We used continuous wave (CW) at transmitters (Tx) with panel antennas. The transmit antennas were horizontal polarization directional and vertical polarization directional with the gain of 14 dBi, 8 dBi, and 19 dBi, respectively. Output power of Tx was 27 dBm, 22 dBm, and 24 dBm for 980 MHz, 2400 MHz, and 5705 MHz, respectively. The receiver (Rx) consisted of a receiver antenna, a lower noise amplifier, and a spectrum analyzer which was connected to a laptop for capturing received signal power for further processing. The omnidirectional receiver antenna was a directive 8.5 dBi gain logperiodic antenna, attached to the front windshield of standard metro train with the height of 3 m above the ground. Tx were positioned 4.5 m away from the train. The relative position of Tx and Rx along the train route are also illustrated in Fig. 1 .
In order to observe the impact of some system parameters on multi-frequency shadowing correlation, namely the antenna polarization, the radius of curvature, and arched tunnel type, the propagation measurements were carried out in these two types of curved subway tunnels with different configurations.
It has to point out that for our system, sampling of the receiver via distance sensor does not change with the speed of the train. Therefore, the spatial sampling interval is not constant, i.e., the distance between two samples from differen sets is unequal, but the difference is not substantial. We consider four factors in our analysis: cross section of tunnel, radius of curvature, polarization, and frequency. However, not all the combinations are covered due to the limited conditions of the measurements in reality. Therefore, a model for shadow fading correlation is not proposed due to limited dataset. Instead, the cross-correlation is characterized in this paper.
III. ANALYSIS OF MEASUREMENT DATA

A. Shadow Fading Distribution
In subway systems, the received power can be shadowed due to the presence of obstructions such as a large number of cables, fire facilities. To extract the shadow fading component, the distance-dependent path loss is removed from the received power (in dB) using linear regression fit [18] [19] . Shadowing gets worse with an increase of carrier frequency. The effect of small-scale fading is removed by averaging using a 40λ window as suggested by [20] , and the averaged received power level can be expressed as
where d is the distance between Tx and Rx, n is the path loss exponent, and P 0 is a reference value at the reference distance d 0 . To extract the shadow fading components, the distance dependent path loss is removed from the received power (in dB) via linear regression fit. The received power without small-scale fading under different operating frequency bands is shown in Fig. 2 , which is acquired in "Type I" tunnel. It can be observed that the signal at 980 MHz is the strongest, due to the smallest propagation loss at low frequency band and large output power in the measurements. It is also noteworthy that the large-scale fluctuation of received power behaves in a similar way for the results with different frequency bands, which implies a cross-correlation for the signals between two frequency bands can be extracted (discussed later).
Numerous empirical results demonstrate that the shadow fading can be modeled as a log-normal random variable. In other words, the shadow fading behaves as a Gaussian random variable in the dB scale. Thus, the probability density function (PDF) for the power of shadow fading (SF) is given by where ξ = 10/ ln 10, µ s is the mean of 10 log 10 (s) in dB, and σ s is the standard deviation of shadow fading, also in dB. Typical value of σ s are 4 to 10 dB [26] . Fig. 3 presents the cumulative distribution function (CDF) and the PDF of shadow fading component extracted from empirical received signals at 5705 MHz. It indicates that the shadow fading component follows a log-normal distribution (or Gaussian in dB scale) in curved tunnel scenario, which is coincided with the measurement results reported in [14] . The standard deviation of the shadow fading in Fig. 3 is 5.2 dB, and the standard deviation of the whole measurements changes from 2.7 to 6.5 dB. Moreover, most of them vary from 3 to 5 dB. In comparison, the standard deviation of shadow fading in different scenarios is illustrated according to [25] as shown in Table I .
B. Correlation of Shadow Fading for Multi-frequency Bands
Shadow fading correlations are mostly caused by some similar scatters contributing to different links (similarity of the environment). From the perspective of downlink in wireless systems, two kinds of shadow fading correlations can be defined as shown in Fig. 4 , which are similar to [25] :
1) Transmit Correlation: the statistical correlation between the signals received by two separate MSs at two different locations, from the same BS.
2) Receive Correlation: the statistical correlation between the signals originating from two disparate BSs and arriving at the same MS.
It is restricted to receive correlation in this paper, i.e., shadowing cross-correlation between one single MS and different BSs operating at 980 MHz, 2400 MHz, and 5705 MHz frequency bands, respectively. The shadow fading crosscorrelation coefficient ρ is defined as the cross-correlation coefficient between shadow fading components of the signals received from two BSs for different frequency bands, which can be evaluated using
where X i and Y i denote the shadow fading components of two separate received power, X and Y are the mean of shadow fading components, n is the number of the shadow fading component samples obtained at the same receiver. Here, n ranges from 200 to 400 in different measurement routes according to the decorrelation distance. If the absolute value of the estimated correlation coefficient lies in [0, 0.1], two random variables can be treated as uncorrelated.
IV. RESULTS AND DISCUSSIONS
We evaluate the absolute value of shadowing receive correlation coefficients for multi-frequency bands, and discuss the impact of antenna polarization and propagation environments (including the radius and the type of curved tunnel). The results are summarized in Table II, Table III, and Table IV.  Table II lists cross-correlation coefficients with vertical and horizontal polarizations. The horizontal polarization tends to have a lower cross-correlation than the vertical polarization. In addition, it is observed that as the operating frequency increases, the cross-correlation reduces.
The cross-correlation coefficients with different radius of curvature are shown in Table III . The shadowing crosscorrelation with smaller curved radius tends to be weaker, but the difference is not substantial. It indicates that the variation of curved radius in the tunnel has little impact on shadowing cross-correlation.
For comparison, the shadow fading correlation between 0.9 GHz, 1.8 GHz, and 2.1 GHz bands respectively is found to range from 0.7 to 0.84 in suburban environment [15] , where it is suggested that shadowing, which is mainly caused by blockage from obstacles, behaves in a similar way for all frequency bands and causes similar attenuation for all frequencies in suburban environment. Compared with the results in [15] , it can be concluded that the crosscorrelation of shadow fading for different frequency bands in curved tunnel environments is weaker than that in suburban environments. A heuristic explanation is as follows:
1) According to electromagnetic modal theory, the radio propagation in tunnels consists of four propagation zones [21] [22] [23] , namely: free-space propagation zone, multi-mode propagation zone, fundamental mode propagation zone, and extreme far zone. The point of transition from multi-mode propagation to fundamental mode propagation zone is called 
where D 2 signifies the position of the second dividing point, the width and height of the equivalent rectangular tunnel given by W and H, and λ denotes the wavelength. Therefore, the distance from the Tx to the "break point" for 980 MHz, 2400 MHz, and 5705 MHz are approximately equal to 231.1 m, 565.8m, and 1345.1 m, respectively. Given that condition, the received power fluctuation is dominated by different modal effects because the sampling start point is usually about 100m of Tx-Rx during the calculation of shadowing cross-correlation coefficients. It is also proposed that the break point is smaller in the case of a curved tunnel than for a straight tunnel in [24] .
2) The analytical expression of the propagation loss in the multimode propagation zone
where |z r −z t | denotes the distance between Tx and Rx; L w denotes the loss owing to the roughness of the walls [27] . The attenuation constants α(i, j) h , α(i, j) v are given by [28] , 
where ε v and ε h are the relative permittivities of the vertical and horizontal walls, a and b are the horizontal and vertical dimensions of the tunnel. Therefore, an increase in frequency results in more loss for the effect of multi-mode in waveguides. Moreover, the field of radio waves E mn at the position (x, y, |z r − z t |) in tunnels can be expressed by summing up the field of limited excited modes [29] :
where ε 0 is the relative permittivity in vacuum space, ε a is the relative permittivity for the air in the tunnel, and ρ mn is the mode intensity on the excitation plane; α mn and β mn are the attenuation coefficient and the phase-shift coefficient, respectively, given by
where ε * rv , ε * rh are the relative electrical parameters. It can be inferred that the shadow fading in tunnel environments is also caused by the phase-shift. Hence, the correlation property of shadow fading in tunnel environments may behave differently with that in suburban environments.
3) The energy impinging on the tunnel walls does not only undergo specular reflection but it is on the contrary spread in many different directions due to the surface roughness. The wall roughness may lead to extra shadowing loss of received power [30] [31] [32] .
It is worth mentioning that correlation coefficients typically range from -0.1 to 0.1 at 2400 MHz vs 5705 MHz, which means that the shadowing cross-correlation is nearly uncorrelated. Because uncorrelated Gaussian random variables are independent as well as shadow fading is assumed as lognormal distribution, it can be concluded that wireless network planning in tunnel scenario can be conducted under the assumption that shadow fading at 2400 MHz and 5705 MHz are independent. For this reason, frequency diversity at these frequency bands may be considered as a suitable solution to combat shadow fading to ensure reliable communication in subway systems for emergency cases.
In order to investigate the impact of propagation environment, the shadowing correlation at the same frequency are computed as shown in Table IV , there is almost no shadowing correlation relation exist between different types of tunnel at 980 MHz, 2400 MHz, and 5705 MHz, in other words, they are uncorrelated with each other. It indicates that the type of tunnel can significantly affect the shadow fading of received signal. As a consequence, it is suggested that the network planning in different types of curved tunnels should be conducted independently.
V. CONCLUSION
This paper has investigated cross-correlation property of shadow fading in curved tunnels. A measurement campaign has been conducted to measure the propagation channel in 980 MHz, 2400 MHz and 5705 MHz simultaneously. Results confirm that shadowing correlation characteristics depend jointly on antenna polarization and propagation environments. Typical standard deviations of log-normal shadow fading in tunnel environments is found to be 3∼4 dB. Frequency diversity of 2400 MHz and 5705 MHz is feasible in subway systems. A heuristic explanation of the shadowing cross-correlation property is presented. The reasons for lower shadowing cross-correlation in tunnel environments is conjectured to be the specific propagation behaviors at different frequency bands according to modal theory.
